Toll-like receptors (TLRs) bind pathogen-specific ligands early in infection, initiating signaling pathways that lead to expression of multiple protective cellular genes. Many viruses have evolved strategies that block the effector mechanisms induced through these signaling pathways, but viral interference with critical proximal receptor interactions has not been described. We show here that the NS3͞4A serine protease of hepatitis C virus (HCV), a virus notorious for its ability to establish persistent intrahepatic infection, causes specific proteolysis of Toll-IL-1 receptor domaincontaining adaptor inducing IFN-␤ (TRIF or TICAM-1), an adaptor protein linking TLR3 to kinases responsible for activating IFN regulatory factor 3 (IRF-3) and NF-B, transcription factors controlling a multiplicity of antiviral defenses. NS3͞4A-mediated cleavage of TRIF reduces its abundance and inhibits polyI:C-activated signaling through the TLR3 pathway before its bifurcation to IRF-3 and NF-B. This uniquely broad mechanism of immune evasion potentially limits expression of multiple host defense genes, thereby promoting persistent infections with this medically important virus.
P ersistent hepatitis C virus (HCV) infections are associated with cirrhosis and liver cancer and contribute significantly to liver-specific morbidity in human populations (1) . Although multiple mechanisms contribute to viral persistence, the ability of the virus to evade early innate immune responses is likely to be particularly important (2) . We have shown previously that the serine protease expressed by HCV, NS3͞4A, blocks virusinduced activation of IFN regulatory factor 3 (IRF-3) (3), a transcription factor playing a critical role in the induction of type-1 IFNs (4, 5) . NS3͞4A is a noncovalent enzyme complex that directs posttranslational cleavage of the polyprotein expressed by this positive-strand RNA virus and also possesses RNA helicase activity (6) . Inhibition of IRF-3 activation requires only its protease activity and is abrogated by a specific, peptidomimetic protease inhibitor, SCH6 (3) . Thus, NS3͞4A appears to mediate proteolysis of a cellular protein within an antiviral signaling pathway upstream of IRF-3.
Recent work suggests that viral infections activate IRF-3 through two independent signaling pathways. One pathway involves engagement of Toll-like receptor (TLR) 3 by its specific ligand, dsRNA, whereas a second, recently recognized pathway involves a cellular DExH(D) helicase, retinoic acid-inducible gene I (RIG-I) (7, 8) . The activation of either pathway leads to phosphorylation and nuclear translocation of IRF-3 and subsequent expression of multiple protective cellular genes (8) (9) (10) (11) . Many viruses have evolved strategies that block the effector mechanisms induced through these pathways (12) , but viral interference with the critical proximal receptor interactions has not been described. We show that the NS3͞4A protease causes specific proteolysis of Toll-IL-1 receptor domain-containing adaptor inducing IFN-␤ (TRIF or TICAM-1) (13, 14) , an adaptor protein linking TLR3 to kinases responsible for activating IRF-3 as well as NF-B (15) . We show that NS3͞4A expression from replicating HCV RNA is associated with reduced intracellular abundance of TRIF and inhibition of polyI:C (pIC)-activated signaling through the TLR3 pathway. This mechanism of immune evasion, therefore, limits expression of multiple host defense genes and is likely to contribute to persistent infections with this medically important virus. NS3͞4A Cleavage Assays. Products of in vitro translation (1 l of reaction mix) were incubated at 37°C for 2 h in 30 l of reaction mixture containing 50 mM Tris⅐HCl (pH 7.5), 150 mM NaCl, 0.05% Tween 20, 20% glycerol, and 1 mM DTT with 2-3 M MB-scNS3 (a purified scNS3 protease expressed as a fusion with maltose-binding protein) and the peptidomimetic inhibitor SCH6 (10 M), as indicated. Purified recombinant TRIF (4 M) was incubated in 20 l of reaction mixture with purified scNS3 (1.7 M) or NS3p (1.7 M) plus the NS4A peptide KKKGSV-VIVGRIILS (250 M; AnaSpec, San Jose, CA), 50 mM Tris, 0.05% ␤-maltoside, 50% glycerol, and 10 mM DTT (pH 7.5) at 30°C for 20 h, with or without SCH6. Peptide substrate reactions (60 l) contained 25 mM Tris, 300 mM NaCl, 5 M EDTA, 10% glycerol, 0.05% N-␤-maltoside (pH 7.5), Ϸ167 M TRIF peptide (PPPPPPPPSSTPCSAHL; AnaSpec), and 8.3 M scNS3 protease (B. Malcolm, Schering-Plough). Reactions were incubated This paper was submitted directly (Track II) to the PNAS office. (16), we focused on the potential of the NS3͞4A protease to interfere with IRF-3 activation through the TLR3 pathway. Because NS3͞4A catalyzes trans-cleavages within the HCV polyprotein at Cys-(Ser͞ Ala) peptide bonds (17, 18) , we examined proteins known to be involved in TLR3 signaling for Cys-(Ser͞Ala) sequences. TRAF family member-associated NF-B activator-binding kinase 1 (TBK1) and IB kinase (IKK) have been implicated in IRF-3 phosphorylation after TLR3 engagement (19, 20) . They are linked to TLR3 through the adaptor protein, TRIF (13, 14) . Multiple Cys-(Ser͞Ala) dipeptides are present in these proteins, but the sequence surrounding one of these (Cys-372-Ser-373 of TRIF) is unique in its remarkable similarity to the NS4B͞5A cleavage site in the HCV polyprotein (Fig. 1A) . Although this TRIF site lacks the acidic P6 residue conserved in viral cleavage sites, previous studies have shown that an acidic P6 residue is not essential for substrate recognition (6) .
Materials and Methods
We synthesized these proteins in cell-free translation reactions and incubated the products with a purified scNS3 protease expressed as a fusion with maltose-binding protein (MB-scNS3). An N-terminal extension in scNS3 contains the NS4A cofactor sequence that normally intercalates into NS3 to form the constitutively active protease (21) . MB-scNS3 cleaved at a single site within TRIF but did not cause proteolysis of TBK1, IKK, or TLR3 (Fig. 1B) . It is not surprising that scNS3 failed to cleave at Cys-(Ser͞Ala) sites in these other proteins, because it mediates proteolysis at only 3 of Ϸ20 Cys-(Ser͞Ala) peptide bonds within the HCV polyprotein. TRIF proteolysis was specific to the NS3͞4A protease because negligible cleavage occurred when TRIF was incubated with a C 1125 A MB-scNS3 mutant deficient in protease activity and incapable of IRF-3 blockade (3) (Fig. 1B,  lane 4 vs. lane 5) . TRIF cleavage also was inhibited by SCH6 (Fig. 1B, lane 6) .
To precisely identify the cleavage site, we expressed TRIF in bacteria and purified it before digestion with recombinant scNS3 or NS3p (residues 3-181) complexed with an NS4A cofactor peptide (6) (Fig. 1C) . We observed similar digestion products and confirmed that SCH6 also blocks cleavage of TRIF by NS3p͞4A. Immunoprecipitation of tagged TRIF products demonstrated that the more rapidly migrating species was the PЈ-side, C-terminal fragment (data not shown), and amino acid sequencing demonstrated that its N-terminal sequence was Ser-Ala-HisLeu-Thr. Thus, TRIF is cleaved between Cys-372 and Ser-373 (Fig. 1E) , as expected. This finding was confirmed by substituting Cys with Arg at each of the Cys-(Ser͞Ala) sequences in TRIF. Such substitutions blocked NS3͞4A processing within the viral polyprotein (22) and prevented MB-scNS3-mediated cleavage of TRIF when introduced at Cys-372, but not when introduced at Cys-192 or Cys-326 (Fig. 5A , which is published as supporting information on the PNAS web site). Independently expressed P-side (⌬C340) and PЈ-side (⌬N372) TRIF digestion products were also resistant to further MB-scNS3 cleavage (Fig. 5A ).
scNS3 hydrolyzed a peptide substrate corresponding to residues 360-376 of TRIF (Fig. 1D ). Further studies indicated that the eight-residue polyproline sequence upstream of Cys-372 in TRIF contributes to its recognition by NS3͞4A but that proteolysis of a short TRIF peptide, PSSTPCSAHL, proceeds with a k cat ͞K m of 23 Ϯ 3 M Ϫ1 ⅐s Ϫ1 (data not shown), which is Ϸ50% of the rate of proteolysis of a peptide substrate representing the viral NS4B͞5A cleavage site. Similar concentrations of MBscNS3 were required for in vitro proteolysis of TRIF or a viral NS5AB substrate (Fig. 5B) . These data suggest that the intracellular abundance of NS3͞4A in HCV-infected cells is likely to be sufficient for TRIF proteolysis.
Signaling Activities of TRIF Cleavage Products. TRIF is essential for dsRNA-stimulated synthesis of type 1 IFNs signaled through the TLR3 pathway, as well as for MyD88-independent activation of NF-B after engagement of either TLR3 or TLR4 (13, 14, (23) (24) (25) (26) . NS3͞4A cleavage of TRIF could thus impede both IRF-3 and NF-B activation either by reducing functional TRIF abundance or by generating cleavage products with dominantnegative activity (13) . To assess these possibilities, we determined the ability of the TRIF cleavage fragments to initiate or inhibit signaling when expressed ectopically in HEK 293 cells. TRIF overexpression results in activation of both the IFN-␤ promoter and the NF-B-dependent PRDII promoter in HEK 293 cells (13, 14) (Fig. 6 , which is published as supporting information on the PNAS web site). However, neither the ⌬N372 nor ⌬C372 cleavage products activated the IFN-␤ promoter. Only the TIR domain-containing ⌬N372 fragment retained the ability to activate NF-B, consistent with previously described deletion mutants (13, 14, 24) . Importantly, neither ⌬N372 nor ⌬C372 demonstrated dominant-negative activity when coexpressed with intact TRIF (Fig. 6 ).
NS3͞4A Accelerates Degradation of TRIF in Cultured Cells. To determine whether TRIF proteolysis occurs in vivo, we cotransfected HEK 293 cells with vectors expressing NS3͞4A and either an N-terminally tagged TRIF (myc-TRIF) or a similarly tagged protease-resistant C 372 R TRIF mutant (myc-C 372 R). Both TRIF and the C 372 R mutant were readily visualized in the absence of NS3͞4A expression, but only the myc-C 372 R mutant was detectable with NS3͞4A coexpression (Fig. 2A) . Similarly, the abundance of C-terminally tagged TRIF-Flag was markedly reduced in the presence of NS3͞4A expression but was restored by treatment with SCH6 (Fig. 7A , which is published as supporting information on the PNAS web site). No digestion products were identified in these experiments, suggesting that they are rapidly degraded after NS3͞4A cleavage, despite their stability in reticulocyte lysate (Figs. 1B and 7B ). Pulse-chase labeling indicated that myc-TRIF has a relatively brief half-life (Ͻ60 min) when ectopically expressed in HEK 293 cells and that its degradation is significantly accelerated with NS3͞4A coexpression (Fig. 2B) . Similar results were obtained with expression of TRIF-Flag in UNS3-4A-24 osteosarcoma cells that conditionally express NS3͞4A under control of a tetracycline-regulated promoter (27) (Fig. 7C) . We found no evidence for in vivo NS3͞ 4A-mediated proteolysis of TLR3, TBK1, or IKK (Fig. 8 , which is published as supporting information on the PNAS web site).
Because cultured cells are poorly permissive for HCV replication, we examined the impact of NS3͞4A expression on TRIF abundance in cells supporting autonomous replication of HCV RNAs expressing a selectable marker (28) . We compared the abundance of ectopically expressed TRIF-Flag in Huh7 2-3 cells, which express NS3͞4A from a replicating genome-length RNA, and in clonally related 2-3c cells from which the viral RNA had been eliminated by prior IFN-␣2b treatment (29) . Quantitative immunoblot analysis indicated that TRIF-Flag abundance was reduced Ϸ50% in the 2-3 cells compared with the cured 2-3c cells (Fig. 2C) . More importantly, the abundance of endogenous TRIF (normally difficult to detect in immunoblots) was signif- icantly reduced in SL1 cells, a stably selected HeLa cell line supporting replication of a subgenomic HCV replicon (30), compared with clonally related, IFN-cured SL1c cells (Fig. 2D) . These results suggest that NS3͞4A directs TRIF proteolysis when expressed from replicating viral RNA under conditions in which the protease contributes to a functional viral replicase complex (31) .
NS3͞4A Disrupts TLR3 Signaling. We sought evidence that NS3͞4A expression compromises TLR3 signaling by examining its impact on cellular responses to the synthetic dsRNA surrogate pIC. As in HEK and 2-3 cells (Fig. 2) , we observed a reduction in the abundance of ectopically expressed TRIF-Flag, but not in the abundance of myc-TRIF-C 372 R, in UNS3-4A-24 cells conditionally expressing NS3͞4A (Fig. 3A) . NS3͞4A also inhibited pIC activation of the IFN-␤ promoter in these cells (Fig. 3B Left) , and this suppression of the pIC response was partially, but significantly, relieved by treatment of the cells with the protease inhibitor SCH6. NS3͞4A also caused a delay in pIC-induced expression of the IRF-3-dependent IFN-stimulated gene (ISG) 56 and ISG15 proteins (Fig. 3 C and D) . Importantly, silencing of either TLR3 or TRIF by RNA interference inhibited pICinduced activation of the IFN-␤ promoter (Fig. 3E Left) and ISG56 and RANTES (regulated on activation, normal T cell expressed and secreted) transcription in these cells (Fig. 3E  Upper Right) , confirming that pIC induces these responses through a TLR3-and TRIF-dependent pathway. RIG-I knockdown had substantially less effect on IFN-␤ promoter activation and no effect on pIC-induced ISG56 and RANTES transcription. pIC-induced activation of the NF-B-dependent PRDII promoter (Fig. 3B Right) , and NF-B binding to it (Fig. 3F) , were also suppressed by NS3͞4A expression, consistent with divergence of the TLR3 pathways signaling to NF-B and IRF-3 at the level of TRIF (15) . Together, these data provide strong evidence that NS3͞4A expression disrupts the TLR3 pathway in these cells.
We also found the TLR3 pathway to be compromised in cells supporting active replication of HCV RNA. Huh7 cells neither express TLR3 nor respond to pIC (Fig. 9 , which is published as supporting information on the PNAS web site), possibly contributing to their permissiveness for HCV RNA replication (28) . They respond to Sendai virus infection through the alternative RIG-I pathway (32) . We thus examined HeLa SL1 and SL1c cells for their response to pIC, because the TLR3 pathway is active in HeLa cells (14, 33) . Exposure of the cured SL1c cells to extracellular pIC led to substantial increases in IFN-␤ and RANTES promoter activity, but these responses were ablated in SL1 cells containing replicating viral RNA (Fig. 4A Left) . Ectopic expression of the active NS3͞4A protease, but not an inactive S139A mutant, also inhibited IFN-␤ promoter activation by pIC in the cured SL1c cells (Fig. 4B) . This inhibition was reversed by SCH6. RNA interference knock-down of TLR3 or TRIF expression ablated pIC-induced activation of the IFN-␤ promoter (Fig. 4C) , confirming that pIC activation occurs in these cells through TLR3 via a pathway that depends on TRIF (14, 25) .
Although not yet fully understood, RIG-I knock-down also ablated pIC activation of the IFN-␤ promoter (Fig. 4C ), suggesting significant cross-talk between the TLR3 and RIG-I pathways in these cells.
These results provide strong evidence that the NS3͞4A protease, expressed from replicating viral RNA as in the SL1 cells (Fig. 4) , inhibits activation of IRF-3 through the TLR3 pathway by mediating proteolysis of TRIF. This conclusion is consistent with the reduced abundance of endogenous TRIF observed in SL1 cells (Fig. 2D ) and the fact that overexpression of TRIF, IKK, or TBK1 effectively activates the IFN-␤ promoter in SL1 cells, indicating that NS3͞4A disruption of the signaling pathway occurs at or above the level of TRIF (Fig. 10 , which is published as supporting information on the PNAS web site). Overexpression of TRIF also partially restores pIC responsiveness to SL1 cells (Fig. 10) .
Discussion
Strong IFN responses have been demonstrated in the livers of chimpanzees during acute HCV infection (34, 35) . These responses may be explained by the fact that NS3͞4A is capable of inhibiting viral activation of IRF-3 and NF-B only within infected cells. Nonetheless, IRF-3 activation limits the replication of HCV RNA in cultured hepatocytes (3). NS3͞4A disruption of signaling pathways that lead to IRF-3 activation may thus contribute to HCV persistence by inhibiting expression of type 1 IFNs and ISGs that restrict viral replication (11, 12) . In addition, an impairment in the virus-induced expression of type 1 IFNs and other cytokines could suppress or delay subsequent adaptive CD8 ϩ T cell responses required for elimination of HCV (36, 37) . Disruption of virus-activated NF-B-mediated responses may also promote viral persistence (38) . Although the pathways leading to activation of IRF-3 are likely to be redundant in vivo (7, 8) , mice defective for the murine homolog of TRIF are compromised in their response to infection with murine cytomegalovirus (26) , demonstrating the potential importance of the TLR3-TRIF pathway for control of virus infection.
The cleavage of TRIF by NS3͞4A represents a uniquely broad mechanism of viral immune evasion. Poxvirus A52R protein blocks TLR3-mediated activation of NF-B by associating with IL-1 receptor-associated kinase 2 and TRAF6, key proteins within this TLR3 signaling pathway (39) . However, NS3͞4A targeting of TRIF represents a more proximal attack on the pathway and inhibits both NF-B and IRF-3 activation through TLR3 (Fig. 3) . The targeting of TRIF by NS3͞4A thus has the potential to exert a crippling effect on a multiplicity of protective cellular defense mechanisms. Nonetheless, the cleavage of TRIF is unlikely to account for the NS3͞4A inhibition of Sendai virus activation of IRF-3 that we observed previously in Huh7 cells (3) . These cultured hepatoma cells are TLR3-deficient (Fig. 9B) , perhaps explaining why they are relatively permissive for HCV RNA replication (28) . Thus, although we found that NS3͞4A expressed from replicating HCV RNA suppresses TLR3 signaling in HeLa cells, further studies will be needed to determine the status of this pathway in infected hepatocytes. Sendai virus activates IRF-3 in Huh7 cells through the RIG-I pathway independently of TRIF, leading us to speculate that the NS3͞4A disruption of this pathway represents proteolytic targeting of yet a second signaling molecule (40) . The capacity of the protease active site to accommodate unique substrate interactions with TRIF, and, possibly, a second cellular protein, represents a remarkable example of RNA virus evolution and may account for the unusually shallow active site conformation that distinguishes NS3͞4A from other viral proteases (6) . It may also explain, in part, the exceptionally potent antiviral efficacy of a specific inhibitor of the NS3͞4A protease, BILN 2061, in recent clinical trials (41) . Inhibition of the protease may not only suppress replication of the virus, but also restore innate antiviral defenses to the virus in infected hepatocytes.
